Gardiner BS, Smith DW, O'Connor PM, Evans RG. A mathematical model of diffusional shunting of oxygen from arteries to veins in the kidney. Am J Physiol Renal Physiol 300: F1339 -F1352, 2011. First published March 2, 2011 doi:10.1152/ajprenal.00544.2010 oxygen shunting influences kidney oxygenation, a mathematical model of oxygen transport in the renal cortex was created. The model consists of a multiscale hierarchy of 11 countercurrent systems representing the various branch levels of the cortical vasculature. At each level, equations describing the reactiveadvection-diffusion of oxygen are solved. Factors critical in renal oxygen transport incorporated into the model include the parallel geometry of arteries and veins and their respective sizes, variation in blood velocity in each vessel, oxygen transport (along the vessels, between the vessels and between vessel and parenchyma), nonlinear binding of oxygen to hemoglobin, and the consumption of oxygen by renal tissue. The model is calibrated using published measurements of cortical vascular geometry and microvascular PO2. The model predicts that AV oxygen shunting is quantitatively significant and estimates how much kidney V O2 must change, in the face of altered renal blood flow, to maintain cortical tissue PO2 at a stable level. It is demonstrated that oxygen shunting increases as renal V O2 or arterial PO2 increases. Oxygen shunting also increases as renal blood flow is reduced within the physiological range or during mild hemodilution. In severe ischemia or anemia, or when kidney V O2 increases, AV oxygen shunting in proximal vascular elements may reduce the oxygen content of blood destined for the medullary circulation, thereby exacerbating the development of tissue hypoxia. That is, cortical ischemia could cause medullary hypoxia even when medullary perfusion is maintained. Cortical AV oxygen shunting limits the change in oxygen delivery to cortical tissue and stabilizes tissue PO2 when arterial PO2 changes, but renders the cortex and perhaps also the medulla susceptible to hypoxia when oxygen delivery falls or consumption increases.
IT IS NOW WELL ESTABLISHED that shunting of molecular oxygen from arteries to veins in the renal cortex acts to limit the supply of oxygen to renal tissue (38) . The critical evidence for the existence of arterial-to-venous (AV) oxygen shunting is the observation that the PO 2 of renal venous blood exceeds that of blood in the efferent arterioles of the outer cortex, the most well-oxygenated site in the kidney (50) . Despite general acceptance of the existence of AV oxygen shunting in the kidney, little is known regarding the qualitative and quantitative effects of AV oxygen shunting on renal parenchymal oxygenation. Furthermore, little is known about the interplay between the various factors that might determine the significance of AV shunting in tissue oxygenation, such as tissue oxygen consumption (V O 2 ) and blood flow. In large part, this deficiency in knowledge is a consequence of a lack of sufficiently good experimental methods to quantify the diffusional shunting of gases in vivo (19) . It also partly reflects a general inability in experimental systems for processes to be perturbed in isolation.
In an attempt to gain insight into this experimentally challenging aspect of renal oxygen regulation, in the current study we developed a mathematical model of oxygen transport in the arterial and venous branches of the cortical circulation, which also includes AV oxygen shunting.
The structural basis of the model is a published analysis of the three-dimensional quantitative morphology of the rat renal circulation (36) . Included in the model are important processes involved in renal oxygen transport, including the impact of the range of sizes of renal blood vessels, the parallel geometry of the renal cortical vasculature, variation in blood velocity in each vessel, V O 2 and transport, and binding of oxygen to hemoglobin. However, there are currently no quantitative data available regarding the barriers to oxygen diffusion between arteries and veins (or blood vessels to tissue) at the various branch levels in the kidney. The diffusion barrier referred to here is the combined effect of AV separation distance, the degree of wrapping of the arterial vessels by veins, and the effective oxygen diffusion coefficients over the multiple tissue types separating arterial and venous blood. Therefore, we took the approach of calibrating the model against published observations of renal microvascular, and venous PO 2 (18, 50) . Specifically, the model was calibrated by estimating a single value of the diffusion barrier, applied across all branch levels, which enabled the model to reproduce the reported 7-mmHg difference between the PO 2 of renal venous blood and efferent arteriolar blood in the outer cortex (50) . Because the outer cortex is the most well-oxygenated part of the kidney (18, 50) , the model is based on a conservative estimate of the gap between renal tissue PO 2 and renal venous PO 2 . Consequently, estimates of AV oxygen shunting presented in this article are expected to be conservative. The model is able to quantify AV oxygen shunting and its impact on renal microvascular PO 2 , as well as allowing exploration of the potential contributions of the various branching levels along the renal cortical vasculature to whole kidney AV oxygen shunting. Furthermore, we were able to examine the impact on AV oxygen shunting and cortical tissue PO 2 of changes in renal V O 2 and oxygen delivery (Ḋ O 2 ) induced by alterations in renal blood flow (RBF), arterial PO 2 , and blood hemoglobin concentration. Because changes in RBF can influence renal V O 2 (by altering the filtered load of sodium and so tubular V O 2 ) (23, 31), we also devised an analytic method to define the conditions under which renal cortical tissue PO 2 can remain constant in face of changing RBF.
MATHEMATICAL MODEL

Conceptual Basis of the Model
The architectural and geometric complexity of the renal circulation (see Ref. 36 ) poses a significant challenge when one attempts to model oxygen transport in the kidney. Arterial vessels in the kidney successively form interlobar, arcuate and interlobular arteries, and then afferent arterioles. Veins generally run parallel to arteries (33) , with blood flowing in a countercurrent fashion. At least in the case of the more proximal vessels (up to and including interlobular arteries), arteries and veins are intimately associated (4, 36) . We hypothesize this facilitates AV oxygen shunting (38) (see Supplementary Fig.  S1 ; all supplementary material for this article is available online at the journal web site). The characteristic length-scale, which is taken as the typical vessel radius, progressively decreases along the cortical circulation, while the number of branches and vessels increases geometrically, making models of advection and diffusion computationally expensive. Furthermore, few models have attempted to couple blood flow with oxygen diffusion throughout the vasculature and surrounding tissue (8, 9, 45, 52) . The challenge, then, is to capture the key features of this complex system in a computational tractable way so as to reveal the underlying principles. Our modeling solution is to build a simplified model consisting of a hierarchy of countercurrent compartments connected in series (see Fig. 1 ). Each compartment corresponds to a known level of branching in the cortical vasculature. This model is computationally tractable and yet contains the key processes involved in renal cortical oxygen transport, including the effects of a range of sizes of renal blood vessels, the parallel geometry of the cortical vasculature, variation in blood velocity in each vessel, V O 2 and transport (including between parallel vessels and Ḋ O 2 to renal tissue), and binding of oxygen to hemoglobin.
Within each compartment in our model, an artery and a vein are in parallel configuration with opposing fluid velocities (see Fig. 1 ). The cross-sectional area and length of each compartment correspond directly to the average vessel dimensions of the 11 Strahler orders identified from analysis of high-resolution computed tomography of vascular casts of the rat renal cortical circulation, reported by Nordsletten et al. (36) . Each compartment is then representative of an actual branch level and will be here referred to as a "representative level."
At each representative level, equations describing oxygen advection, diffusion, and reaction with hemoglobin are solved numerically. The principle of conservation of blood volumetric flow and the principle of oxygen conservation at transitions between representative levels enables linkages between these compartments. Fluid velocity is adjusted to account for the increase in the total cross-sectional area of vessels with subsequent branching (Fig. 1) to ensure continuous blood volumetric flow between each level (fluid mass conservation). That is, fluid velocity within veins or arteries at each branch level is inversely proportional to the total cross-sectional area of that vessel type at that branch level. Information (i.e., oxygen concentration) from each representative level is fed forward (in the direction of blood flow) to countercurrent systems at neighboring representative levels, through boundary conditions. Oxygen transport (AV shunting) from arteries to veins is also included in the model. Thus the tissue oxygen concentration is determined by the flux of oxygen delivered by the arteries and the loss incurred by V O 2 .
Structural Basis of the Model
Nordsletten et al. (36) have clearly defined blood vessel architecture in the rat kidney. Based on high-resolution computed tomographic imaging, they reported the average vessel radius, length, total cross-sectional area, and number of vessels for each of 11 identified levels of branching (Strahler orders). Also included is the average radius of arteries found in close spatial association with veins of each Strahler order. In the representative model developed here, it is these average data that are most useful in informing our choice of artery and vein radius and length at each representative level. Furthermore, the total cross-sectional area at each Strahler order provided by Nordsletten et al. (36) enables average blood velocity to be estimated from the volumetric flow rate within each representative level. The Strahler orders 0 -10 are incorporated into our models as representative levels (i.e., i ϭ 0 -10), with the largest vessels corresponding to the largest representative level (i.e., i ϭ 10). Blood flow occurs in arteries in the direction of decreasing representative level number and in veins in increasing representative level number (as shown in Fig. 1) .
Nordesletten et al. (36) report that, generally, veins and arteries of the same order are not spatially aligned. Rather, Fig. 1 . This model consists of a hierarchy of 11 countercurrent compartments connected in series. Each compartment corresponds to a known level of branching in the cortical vasculature. That is, they correspond directly to the average vessel dimensions of the eleven Strahler orders (0 -10) identified from analysis of high-resolution computed tomography of vascular casts of the rat renal cortical circulation, reported by Nordsletten et al. (36) . Within each compartment, an artery (white) and a vein (grey) are in parallel configuration with opposing fluid velocities (as indicated by arrows). In this figure, the relative length and diameter of vessels in each compartment are shown for comparison (top), along with relative total cross-sectional area (bottom). The actual values can be found in Tables  1 and 2. veins tend to be aligned with arteries of a lower order. As Nordesletten et al. provide data with respect to the vein order (36), we use their vein data to determine the average artery dimensions corresponding to a specific Strahler order. These data are summarized in Table 1 . The radii of veins and the ratio of the average arterial radius to vein radius at each representative level are used to determine the average arterial radius at that level (see Table 2 ). To be clear, when we refer to an arterial radius at a specific representative level, we do not mean the arterial radius at that order as measured by Nordsletten et al. (36) . Instead, we are referring to the radius of arteries found by Nordsletten et al. (36) to be in close spatial association with veins of that representative level (or Strahler order). We believe this approach is most relevant to the functional physiology of kidney oxygenation. In our simplified model of paired arteries and veins, we assume that the length of arteries and veins at each representative level are equal and we have adopted the vein length as reported by Nordsletten et al. (36) , in keeping with our use of the vein data as described above.
Each representative level (say the "ith compartment") represents the multiple arteries and veins occurring at that Strahler order; specifically n i A arteries and n i V veins. Hereon, the shorthand superscript "A,V" will be adopted for symbols applying to both arteries and veins (e.g., n i ). Again, we note here the subscript i when used for arteries, refers to the ith order of veins to which the artery is spatially associated.
Since each representative level corresponds to multiple vessels at that level (specifically n i A,V vessels at that level), events occurring at each representative level are effectively multiplied (36) reported that generally only one artery is associated with one vein, and so we can set n i A ϭ n i V (or set them both equal to n i ) in the model and mass conservation is then satisfied.
The total cross-sectional area for veins at each order was provided by Nordsletten et al. (36) , and values are shown in Table 1 . The total cross-sectional area of the arterial tree is found by multiplying the cross-section of an individual artery i.e., A i A ϭ (R i A ) 2 (using R i A found in Table 2 ) by n i (i.e., A TOTi A ϭ n i A i A ).
Mathematical Methodology
The total concentration, relative to the whole blood volume, of oxygen contained within the blood in the ith representative level (i.e., C Ti A,V ) is a sum of the free oxygen c i A,V and the oxygen bound to hemoglobin contained with the red blood cells, i.e.
where H is the total hemoglobin concentration with reference to the whole blood volume and the oxygen-hemoglobin dissociation relationship (Bohr curve) has been described here using a Hill equation (28) . In Eq. 1, K represents the free oxygen concentration at which oxygen-hemoglobin saturation is at 50%, and n is the Hill coefficient. Note, 
where PO 2 is the partial pressure of oxygen in plasma in units of mmHg, and is the oxygen solubility. At each representative level, paired steady-state one-dimensional advection-reaction equations (equations of mass conservation) (5) are used to describe the total oxygen concentration in the whole blood, i.e.
In Eq. 3, the derivative is with respect to z, the axial direction (along the length of the blood vessel). Q is the blood volumetric flow rate (also known as RBF) entering the kidney (specifically, at the largest representative level). Here, we assume that the fluid lost as urine is small relative to the total volume of fluid passing through the kidney (typically Ͻ0.2% is lost). Finally, F i A,V is a rate of gain or loss of oxygen per unit volume and accounts for the oxygen entering or leaving the vessel as AV shunting.
In obtaining Eq. 3, it has been assumed that oxygen transport in the blood is dominated by advection rather than diffusion (in all vessels, the Peclet number is Ͼ1,000) (5), and so diffusion can be neglected within the vessels. It has also been assumed that the hemoglobin concentration is uniform and constant within the blood (i.e., the inside and outside of red blood cells are not treated separately) and that the association/dissociation of oxygen with hemoglobin is fast, such that free oxygen and the oxygen bound to hemoglobin are always in equilibrium and so can be described using Eq. 1. As a first estimate, we have assumed that oxygen is radially well mixed within each vessel and that an average blood velocity can be used (Q/A TOTi A,V ). These assumptions have two main advantages. First, the equations then reduce to a one-dimensional form, as gradients within the vessel only occur along the vessel length (z-coordinate), and second, we can treat oxygen transport through vessel walls using the source/sink term F i A,V . As indicated earlier, one of the unknowns in the literature, and the model, is the separation distance between the artery and vein and the degree of wrapping of the artery by the vein (see Supplementary Fig. S1 ) at each representative level. This separation and spatial association will affect AV oxygen shunting and the involvement of the tissue in oxygen transport. To overcome this uncertainty, rather than modeling the spatial association of arteries, veins, and tissue explicitly, we instead rely on the difference in PO 2 between adjacent arteries and veins to drive oxygen transport. As a first estimate, we can assume that the transport across the vessel walls is proportional to arterial surface area 2R i A , the oxygen concentration difference between the artery and vein, and a reference oxygen diffusion coefficient (here we use the oxygen diffusion coefficient in whole blood D). The transport across the vessel walls is inversely related to the AV separation. We assume here that AV separation scales with the arterial radius R i A . This accords with the observation that large arteries and veins may be separated by millimeters of intervening tissue, while small vessels are separated by micrometers of intervening tissue Thus, for the cylindrical vessels assumed here,
In this formulation ␣ i is the dimensionless weighting factor used to account for the key unknowns affecting the transport barrier to AV oxygen shunting, specifically the material properties of the tissue (i.e., the effective diffusion coefficient of the heterogeneous tissues separating the vessels) and the geometrical arrangement of arterial-venous pairs. Later, we calibrated the model for ␣ i using in vivo measurements of tissue PO 2 obtained by Welch et al. (50) using Clark-type electrodes.
Boundary Conditions
Equation 3 is solved at each representative level. Each representative level is connected by flux boundary conditions to neighboring (i ϭ i Ϯ 1) representative levels. The arterial flow is connected to the venous flow at the end of the arterial vessel at representative level 0 via boundary conditions, although at level 0 there is an oxygen sink that needs to be introduced to account for the metabolic consumption of oxygen by renal tissue.
In arteries, the total amount of oxygen per time (i.e., mol/ min) leaving all vessels at the ith representative level is equal to the total amount per time entering the I Ϫ 1 level, that is
Applying once again the assumption that free oxygen is in equilibrium with oxygen bound to hemoglobin, the flux boundary condition at the ends of vessels (in Eq. 5) simplifies to a condition for the free oxygen concentration only
A similar analysis for veins (note change in subscript) leads to
such that only the free oxygen concentration at the boundary needs to be specified at the transitions between representative levels in arteries and veins.
The concentration of free oxygen entering the largest arterial vessels c 10 A in is set and fixed at the start of the calculation. The only other boundary condition of concern is that imposed at the entrance to the smallest veins i ϭ 0, i.e., c 0 V | in . This concentration is determined by the amount of oxygen delivered to the tissue via arterial blood (by advection) and the oxygen consumed (V O 2 , mainly by Na ϩ -K ϩ -ATPase within the tubular epithelium). This consumption results in a decrease in oxygen concentration between the arteries and veins at this level. The mass balance for these various sources and sinks of oxygen can be expressed mathematically as
Equation 8 can be solved (numerically) for c 0 V | in , thus providing the required boundary condition at the entrance to the smallest veins, and the effect of renal V O 2 .
It should be noted that the structural data on which the model is based do not include arterial vessels beyond the afferent arteriole (36) . Consequently, the model does not account for the possibility of heterogeneity of V O 2 within, for example, the cortex and medulla. It also does not account for diffusive oxygen shunting within the medullary circulation (52) . However, because the medullary circulation arises from the juxtamedullary cortex (16) , and because the data of Nordsletten et al. (36) incorporate the entire renal cortex, our model does incorporate V O 2 within the entire kidney.
Most available evidence indicates that renal V O 2 can be maintained in face of relatively profound reductions in Ḋ O 2 , at least when these are mediated by hypoxemia. For example, whole kidney V O 2 is relatively insensitive to hypoxemia, unless it is associated with reduced RBF and/or glomerular filtration rate and sodium reabsorption (7, 20, 22, 51) . Thus, for simplicity, in most simulations in which Ḋ O 2 was altered, V O 2 was held constant. However, V O 2 can be limited when tissue PO 2 drops below a critical level of ϳ10 mmHg (3, 18) . Therefore, we have excluded from our simulations states in which tissue PO 2 might be expected to fall below 10 mmHg.
Equation 3 represents a system of nonlinear ordinary differential equations that needs to be solved numerically. Here, they were solved numerically using the finite-element method (FEM) within a commercial FEM solver (13). In COMSOL MULTIPHYSICS, the "Convection and Diffusion" equations were chosen in the "1D" geometry. In fact, to give more control of mesh settings over a wide range of length-scales, each representative level, consisting of a paired artery and vein, was simulated in a separate 1D geometry. Geometries were then linked via "Integration Coupling Variables" according to the boundary conditions imposed by Eqs. 6 -8. The standard Convection and Diffusion equations found in COMSOL MULTIPHYSICS needed to be modified to correspond to Eq. 3. An additional 1D geometry with a generic partial differential equation ("PDE modes, PDE, Coefficient form") was defined to numerically solve Eq. 8 for c 0 V | in . Within each geometry, the default mesh size was refined three times, typical resulting in 120 elements per 1D geometry. The default "Stationary" solver settings were used.
Parameter Selection
Values used for the model parameters are shown in Table 3 , unless otherwise stated. Basal renal hemodynamic variables were derived from our own studies in anesthetized rats (40) . Basal arterial blood-gas variables were derived from our studies in anesthetized rabbits (33) , but these are also similar to values reported for the rat (25) . Following Zhang and Edwards (52) in their model of countercurrent exchange of oxygen across vasa recta in the renal medulla, we used the solubility coefficients for oxygen in plasma and renal interstitium. It should be recognized that these estimates are not derived from renal tissue itself but rather from model systems in the case of plasma (24) and erythrocytes (12) and skeletal muscle in the case of our estimate for renal parenchyma (15 (21) . However, as the model is later calibrated against experiments by adjusting this diffusion coefficient, in relation to the AV diffusion barrier, this diffusion coefficient is considered here as only a reference value. Unless otherwise stated, when any individual variable was altered in a simulation, other variables were held at their base-case level.
RESULTS
Model Calibration
A critical unknown in this model is the details of the spatial association between the artery and vein at each representative level. Of direct importance to AV O 2 shunting is the distance separating the artery and vein, the effective diffusion coefficient of the various tissues lying between the artery and vein (including the arterial and venous walls), and the surface area of artery in intimate contact with the vein (see Supplementary  Fig. S1 ). Indeed, this model is clearly a simplification of the real system. To overcome this problem, the model was calibrated to reproduce values of kidney microvascular PO 2 obtained in vivo by Welch et al. (50) using Clark-type microelectrodes. Welch et al. report a venous PO 2 of 52 mmHg for a known RBF of ϳ5 ml/min with an arterial PO 2 of 85 mmHg. They also report outer cortical tissue PO 2 to be 42 mmHg and outer cortical efferent arteriolar blood PO 2 to be 45 mmHg. Because the outer cortex is the most well-oxygenated part of the kidney (50), these estimates of cortical microvascular PO 2 can be used to generate conservative estimates of how much oxygen is shunted from arteries to veins in the renal cortex.
Ḋ O 2 is determined by multiplying the total concentration of oxygen (from Eq. 1) by the blood volumetric flow rate (RBF). Thus, for the Welch et al. data, renal Ḋ O 2 was 106.8 mol/min, oxygen efflux was 95.3 mol/min, and so V O 2 was 11.5 mol/min. Critically, the increase in PO 2 from the efferent arteriole to the vein of 7 mmHg indicates that oxygen is entering the vein by another means (specifically AV shunting). Assuming that the PO 2 in the smallest venous vessels is equal to that in the efferent arteriole (i.e., 45 mmHg), we can determine that the smallest vessels deliver oxygen into the venous branch at a rate of 89.4 mol/min. Thus AV shunting contributes (at least) 5.9 mol/min (95.3 Ϫ 89.4 mol/min) of oxygen to the total venous branch, and is of comparable In this case, AV shunting is predicted to contribute 9.2 mol/ min of oxygen to the venous side of the circulation (ϳ80% of the magnitude of V O 2 ). The calculations presented above provide a minimum estimate of AV shunting, as they assume no additional oxygen transport from the arterial (or venous) branches directly into the tissue, which would necessitate additional AV shunting to maintain the observed tissue PO 2 . Intuitively, one might expect the arterial-to-tissue transport to be even larger than arterialto-venous transport, as the concentration gradient driving oxygen diffusion is generally greater in the former case. Confounding this intuition are factors such as the degree of wrapping of arteries by veins and the separation distance between arteries and veins. Unfortunately, neither of these confounding factors have been quantified. Qualitatively, arteries and veins appear to be separated by no more than three artery diameters across a wide range of branch levels (36) . Often, the association is much closer, particularly at the larger vessel sizes, where arteries and veins are effectively in direct contact, often with the vein partially wrapping the artery (see Supplementary  Fig. S1 ).
The AV diffusion of oxygen can be calibrated so the model can replicate the data reported by Welch et al. (50) . Specifically, ␣ i (defined in Eq. 7) was adjusted to obtain a PO 2 at the entrance to veins of order 0 (postcapillary venules) of either 45 or 42 mmHg (Fig. 2) . The structural analysis of Nordsletten et al. (36) documented a parallel arrangement of arterial and venous vessels at all 11 Strahler orders but did not define the actual AV separation distances. Previous qualitative analyses suggest that the intimate relationship between arteries and veins may not extend beyond the interlobular vessels (4). Therefore, in the absence of quantitative data, the model was calibrated first with ␣ i fixed to the same level at all branch levels (Strahler orders 0 -10), and second assuming that oxygen diffusion can only occur among interlobar, arcuate, and interlobular arteries and veins (Strahler orders 2-10). As shown in Fig. 2 , for the former case ␣ i ϭ 6.8 gave a value of cortical tissue PO 2 of 45 mmHg, while ␣ i ϭ 12.4 gave a cortical tissue PO 2 of 42 mmHg, when arterial blood PO 2 was set at 85 mmHg, RBF was 5 ml/min, and V O 2 was 11.5 mol/min. When AV oxygen shunting was not permitted in Strahler orders 0 and 1 (corresponding to afferent arterioles), much greater values of ␣ i were required to achieve cortical tissue PO 2 values of 45 mmHg (␣ i ϭ 25.9) and 42 mmHg (␣ i ϭ 47.5). In subsequent simulations, we modeled both the situation where AV oxygen shunting occurs in all 11 Strahler orders, and where it only occurs in orders 2-10.
We present results for simulations based on a model calibrated to the difference between renal venous PO 2 and outer cortical efferent arteriolar PO 2 (see Figs. 3-12) . This approach provides the most conservative estimate of AV oxygen shunting that can be derived from the data of Welch et al. (50) . In the online data supplement, we provide results for most of these simulations, based on a model calibrated to the difference between renal venous PO 2 and outer cortical tissue PO 2 (Supplementary Figs. S2-S9). Outer cortical tissue PO 2 is likely a better estimate of microvascular (i.e., peritubular capillary) PO 2 than is efferent arteriolar blood PO 2 , so the less conservative approach may be more realistic. Regardless, we believe both approaches conservatively estimate the amount of AV shunting, because renal tissue PO 2 is considerably less in the inner cortex than the outer cortex (35) . Qualitatively similar results were obtained under each condition, although the absolute quantities of oxygen shunted were always about twofold greater when the model was calibrated to a tissue PO 2 of 42 mmHg ( Supplementary Figs. S2-S9 ) compared with the model calibrated to a tissue PO 2 of 45 mmHg (see Figs. 3-12) .
Effects of Changes in V O 2
The model predicts that the quantity of oxygen shunted from arteries to veins increases with increasing V O 2 (Fig. 3) . This relationship was little changed when shunting was only allowed in orders 2-10 (data not shown). It was also similar, regardless of whether RBF was set at 3, 5, or 7 ml/min (Fig. 3) . That is, there is only a small increase in oxygen shunting with (50) . The solid line shows predicted tissue PO2 when ␣i is set to the same value at all 11 representative levels in the model. The line with alternating dashes and dots shows tissue PO2 when shunting is only allowed in orders 2-10. The long-dashed line shows renal venous PO2. Renal blood flow is set at 5 ml/min, arterial PO2 is set at 85 mmHg, and kidney V O2 is set at 11.5 mol/min. decreased RBF. Renal venous PO 2 and tissue PO 2 both decrease with increasing V O 2 (Fig. 4) . At V O 2 Ͻ5.1 mol/min, more oxygen is shunted than consumed (Fig. 4) . AV oxygen shunting results in a gap between the predicted tissue and renal venous PO 2 , which ranges (depending on V O 2 and RBF) from 6 to 18 mmHg. At each level of RBF, the gap between renal venous and tissue PO 2 is greatest at lower V O 2 , which corresponds to conditions where the quantity of oxygen shunted is greater than or equal to V O 2 (Fig. 4) . Thus, despite the fact that oxygen shunting increases with increasing V O 2 , and both renal tissue PO 2 and renal venous PO 2 fall with increasing V O 2 , the impact of oxygen shunting on tissue oxygenation is arguably more dominant at lower V O 2 .
Effects of Changes in Ḋ O 2
The model predicts that oxygen shunting increases with increasing arterial blood PO 2 (Fig. 5) . As a result, oxygen shunting has virtually no impact on Ḋ O 2 to tissue (total renal Ḋ O 2 minus the amount shunted) under severely hypoxemic conditions (arterial PO 2 Ͻ40 mmHg). In contrast, as arterial PO 2 is increased from this level, increased oxygen shunting stabilizes Ḋ O 2 to tissue, and so tissue PO 2 (Fig. 5) .
When RBF is varied between 2 and 10 ml/min, there is a shallow inverse relationship between RBF and the amount of oxygen shunted from arteries to veins (Fig. 6 ). Thus only 9% less oxygen was shunted when RBF was set at 10 ml/min than when it was set at 2 ml/min. Consequently, Ḋ O 2 to tissue, and so tissue PO 2 , increases with increasing RBF, and the impact of oxygen shunting on the gap between renal venous PO 2 and tissue PO 2 remains remarkably stable across a wide range of levels of RBF (Fig. 6 ). As RBF is reduced to ϳ1 ml/min, oxygen availability to the tissue approaches zero, as the sum of oxygen shunting and V O 2 is equivalent to total Ḋ O 2 .
Reminiscent of the response to changes in RBF shown in Fig. 6 , the model predicts a relatively shallow inverse relationship between hemoglobin concentration and oxygen shunting, so that only 14% more oxygen is shunted at a hemoglobin concentration of 3 g/dl than at 15 g/dl (Fig. 7) . Consequently, Ḋ O 2 to tissue, and so tissue PO 2 , decreases with decreasing hemoglobin concentration, and the impact of oxygen shunting on the difference between renal venous PO 2 and tissue PO 2 remains remarkably stable across a wide range of hemoglobin concentrations (Fig. 7) . However, as hemoglobin concentration is reduced below 3 g/dl, oxygen shunting increases more markedly, indicating that shunting could exacerbate development of cortical tissue hypoxia in severe anemia. As hemoglo- Fig. 4 . Effects of changes in renal V O2 on kidney oxygenation at 3 levels of renal blood flow (RBF). Top: comparison between the amount of oxygen shunted and the amount consumed, expressed as a proportion of the total oxygen delivery (i.e., unity). Bottom: predicted levels of PO2 in cortical tissue and renal venous blood. Model conditions were as for Fig. 3 . Base-case V O2 is shown by the vertical dotted line.
Fig. 5. Effects of changes in arterial blood PO2 on kidney oxygenation.
A: quantity of oxygen shunted from arteries to veins. B: total oxygen delivery and oxygen delivery to tissue (total oxygen delivery minus shunting). C: PO2 in cortical tissue and renal venous blood. Kidney V O2 is set at 11.5 mol/min, and RBF is set at 5 ml/min. Other model conditions were as for Fig. 3 . Base-case arterial PO2 is shown by the vertical dotted line. bin concentration is reduced further, to ϳ2 g/dl, oxygen availability approaches zero as the sum of oxygen shunting and V O 2 is equivalent to total Ḋ O 2 .
The relationships of the quantity of oxygen shunted with arterial PO 2 , RBF, and blood hemoglobin concentration were similar, regardless of whether shunting was allowed in all 11 Strahler orders or just in orders 2-10 (data not shown).
Sites of AV Oxygen Shunting
When ␣ i (describing the diffusion barrier for shunting) is constant across all 11 Strahler orders, relatively little oxygen is predicted to be shunted in the larger cortical blood vessels (Strahler orders 7-10) under normal physiological conditions. More than 60% of the total amount of oxygen shunting normally occurs in the smallest vessels (Strahler orders 0 and 1) in the cortex and so in the most distal 2.3% of the renal vascular tree (Fig. 8) , reflecting a greater vessel surface area. As RBF is reduced, there is a slight increase in the amount of oxygen shunted in the more proximal vessels. For example, at a RBF of 7 ml/min only 0.8% of the total amount of AV oxygen shunting occurs in Strahler orders 7-10, whereas 1.4% is shunted in these proximal vessels when RBF is 1.25 ml/min (Fig. 9) . Nevertheless, because the total oxygen flow across the kidney is less at reduced RBF, under ischemic conditions (RBF Յ3 ml/min), the PO 2 of blood in arterial vessels of Strahler orders Յ7 is considerably less than systemic arterial PO 2 . A similar phenomenon occurs when renal Ḋ O 2 is reduced in severe anemia (data not shown).
If AV oxygen shunting is allowed only in Strahler orders 2-10, more shunting must, by definition, occur in more proximal vascular elements. Thus, at a RBF of 7 ml/min, 3.1% of the total amount of AV oxygen shunting occurs in Strahler orders 7-10. These conditions exacerbate the reduction in the PO 2 of blood in these vessels during ischemia (Fig. 9) or anemia (data not shown).
Oxygen shunting increases across all Strahler orders as Ḋ O 2 is increased by arterial hyperoxemia, and decreases during Fig. 7 . Effects of altered arterial blood hemoglobin concentration on kidney oxygenation. A: quantity of oxygen shunted from arteries to veins. B: total oxygen delivery, oxygen delivery to tissue (total oxygen delivery minus shunting), and oxygen availability (oxygen delivery minus oxygen shunted and consumed). C: PO2 in cortical tissue and renal venous blood. Kidney V O2 is set at 11.5 mol/min, arterial PO2 is set at 100 mmHg, and RBF is set at 5 ml/min. Other model conditions were as for Fig. 3 . Note that oxygen availability approaches 0 when hemoglobin concentration is Ϸ2 g/dl. Base-case hemoglobin concentration is shown by the dotted line. Fig. 6 . Effects of changes in RBF on kidney oxygenation. A: quantity of oxygen shunted from arteries to veins. B: total oxygen delivery, oxygen delivery to tissue (total oxygen delivery minus shunting), and oxygen availability (oxygen delivery minus oxygen shunted and consumed). C: PO2 in cortical tissue and renal venous blood. Kidney V O2 is set at 11.5 mol/min, and arterial PO2 is set at 100 mmHg. Other model conditions were as for Fig. 3 . Note that oxygen availability approaches 0 when RBF Ϸ 1 ml/min. Base-case RBF is shown by the vertical dotted line. hypoxemia (Fig. 10) . However, the impact of this phenomenon on the PO 2 of blood within arterial vessels of various Strahler orders is most notable in larger vessels, particularly if shunting is only allowed in Strahler orders 2-10. Thus oxygen shunting in larger vessels appears to play a particularly important role in buffering the effects of altered arterial oxygen content on Ḋ O 2 to renal capillaries.
Increases in renal V O 2 increase shunting in all Strahler orders (Fig. 11) . Nevertheless, because most shunting is predicted to occur in the smallest vessels, the largest changes in shunting in response to altered V O 2 are also seen in these vessels (Strahler orders 0 -2). When shunting is only allowed in Strahler orders 2-10, the quantitatively greatest changes are seen in Strahler orders 2-5. The effects of increased V O 2 on the PO 2 of blood in arteries of various Strahler orders are reminiscent of those of reduced RBF. That is, as V O 2 increases, the fall in blood PO 2 produced by AV oxygen shunting moves progressively upstream so that the PO 2 of blood in larger vessels begins to fall. However, the magnitude of this effect is not as great as is observed when RBF is reduced. Presumably, this reflects the fact that ischemia affects both Ḋ O 2 and shunting, whereas V O 2 only affects shunting. PO2 of blood in arteries and veins according to length along the vascular tree. RBF was set at 5 ml/min, inlet arterial PO2 was set at 100 mmHg, renal V O2 was set at 11.5 mol/min, and ␣i was set at 6.8 (A-D) or 29.5 (E-H).
Effects of Simultaneous Changes in Ḋ O 2 and V O 2
V O 2 often varies with RBF, because changes in glomerular filtration rate associated with altered RBF lead to changes in the energy requirements for tubular sodium reabsorption (23, 31) , so it is useful to show how this might affect renal tissue PO 2 and renal venous PO 2 (Fig. 12) . Generally, a stable venous or tissue PO 2 can be achieved by a coordinated increase (or decrease) in both V O 2 and RBF. The model predicts that a linear relationship between V O 2 and RBF can ensure maintenance of any given venous PO 2 . If no oxygen shunting were to occur in the renal cortex, these linear relationships would also predict stable cortical tissue PO 2 , since venous and tissue PO 2 would not differ. AV oxygen shunting has the effect of shifting these relationships to the right, so that RBF must be greater, for any given level of V O 2 , to maintain a given level of cortical tissue PO 2 . The relationships between V O 2 and RBF required to maintain a constant cortical tissue PO 2 are also rendered curvilinear, presumably because of the influences of V O 2 (Figs. 3 and 4) and RBF (Fig. 6 ) on oxygen shunting. The relationships shown in Fig. 12 were quantitatively, but not qualitatively, different when shunting was restricted to Strahler orders 2-10 (data not shown).
DISCUSSION
We constructed a mathematical model of the diffusion of oxygen from arteries to adjacent veins in the kidney to facilitate a better understanding of the impact of AV shunting on intrarenal oxygenation. The model is based on known physiological behavior and parameters, quantitative morphological measurements of the renal arterial and venous circulations of the rat, and computational simulations of the advection-diffusion of oxygen. The model predicts that AV oxygen shunting is quantitatively significant. Shunting increases as total renal V O 2 increases and is on the same order of magnitude as total renal V O 2 under normal physiological conditions (ϳ 5-10 mol/min). AV oxygen shunting acts to stabilize Ḋ O 2 to tissue, and so tissue PO 2 , in the face of mild hypoxemia and hyperoxemia, and has little impact on tissue Ḋ O 2 in severe hypox- emia. The model predicts that changes in AV oxygen shunting have little impact on Ḋ O 2 to tissue when RBF changes within the physiological range, or when blood hemoglobin concentration is reduced. However, AV oxygen shunting, as a proportion of that delivered, increases more markedly in severe ischemia and anemia, and so AV shunting likely exacerbates the development of tissue hypoxia under these conditions. Indeed, when renal Ḋ O 2 is reduced or V O 2 increased, oxygen shunting in proximal vascular elements (e.g., arcuate arteries) may markedly reduce the PO 2 of arterial blood destined for the medullary circulation, so rendering the medulla susceptible to development of hypoxia, even if medullary perfusion is perfectly maintained. The model also allows prediction of the magnitude of changes in V O 2 required to maintain stable cortical tissue PO 2 in the face of changes in RBF.
Our estimates of the quantity of AV oxygen shunting in the kidney are likely to be conservative, because of our choice of the data used to calibrate the effective diffusion constants (i.e., ␣ i ) for AV diffusion. Theoretically, whole-kidney oxygen shunting could be quantified by comparing oxygen content of renal venous blood with the average oxygen content of renal capillary blood. However, in practice, heterogeneity of local Ḋ O 2 and demand results in considerable heterogeneity in local tissue PO 2 (35, 49) . Definitive evidence for AV oxygen shunting could thus only come from a demonstration that renal venous PO 2 is greater than the most extreme (i.e., highest) measurements of capillary blood PO 2 . Welch and colleagues (50) provided such evidence. Their critical finding was that the PO 2 of blood within these outer cortical efferent arterioles was less than that in the renal vein. This observation provides compelling evidence for the existence of AV oxygen shunting because the outer cortex is the most well oxygenated part of the kidney (32, 35, 40, 44) . It should also be acknowledged that blood in efferent arterioles is destined for the peritubular capillaries, from which further oxygen can be extracted. Thus average capillary blood PO 2 in the outer cortex is likely to be closer to tissue PO 2 (42 mmHg, Supplementary Figs. S2-S9 ) than efferent arteriolar PO 2 (45 mmHg, Figs. 3-12) . The results of these two data sets differ quantitatively, but not qualitatively, and likely underestimate AV oxygen shunting, since mean cortical microvascular PO 2 is almost certainly considerably less than mean outer cortical tissue PO 2 (50) .
While we can be confident in our conservative estimates of the quantity of oxygen shunted, we are less sure about the sites at which most shunting occurs. The model predicts that, under normal physiological conditions, most AV oxygen shunting occurs in the most distal parts of the renal circulation (interlobular arteries ϭ Strahler orders 2-6, and afferent arterioles ϭ Strahler orders 0 -1). Indeed, even when shunting was not allowed in afferent arterioles, most shunting occurred in interlobular arteries. Less than 3% of the total quantity of oxygen shunting is predicted to occur in more proximal vessels (Strahler orders [7] [8] [9] [10] , corresponding to arcuate, interlobar, and the feeding renal arteries. Thus, under normal physiological conditions, virtually all cortical oxygen shunting occurs after the separation of the cortical and medullary circulations at the proximal segments of the interlobular arteries (16) . Consequently, oxygen shunting in the cortical and medullary circulations can be considered as largely independent phenomena. Therefore, our current findings do not challenge the interpretation of recent modeling studies of oxygen diffusion between descending and ascending vasa recta in the renal medulla (8, 9, 52) . Nevertheless, when RBF is reduced below its basal level (ϳ5 ml/min), and particularly under ischemic conditions (RBF Ϸ 1 ml/min), AV oxygen shunting in more proximal vessels (e.g., Strahler order 7, corresponding mostly to arcuate arteries) increases slightly. More importantly, because the total flux of oxygen across the cortical circulation is reduced under ischemic conditions, the removal of slightly more oxygen from a smaller pool leads to a reduction in blood PO 2 in these vessels. This phenomenon likely explains our previous experimental finding, that tissue PO 2 in the renal medulla falls during cortical ischemia, even if medullary perfusion is perfectly maintained (40) . That is, cortical ischemia leads to reduced PO 2 and oxygen content of blood in vessels common to both the cortical and medullary circulations (i.e., those upstream from the juxtamedullary afferent arterioles), so that AV oxygen shunting in the renal cortex effectively "steals" oxygen that would otherwise be destined for the renal medullary circulation. The impact of reduced RBF on the PO 2 of blood in arterial vessels of Strahler orders Ն7 was exacerbated when shunting was only allowed in Strahler orders 2-10. Some AV oxygen shunting almost certainly occurs in the smallest vessels (Strahler orders 0 -1). However, because these smallest arteries and veins are likely less intimately associated than are larger vessels (Strahler orders 2-10) (4), the "real" situation likely lies somewhere in between these two extreme cases.
When kidney V O 2 is reduced below a critical level, more oxygen is shunted than is consumed. The absolute value of this "intercept point" depends upon the level of cortical microvascular PO 2 used to calibrate the model, but varies from ϳ5 mol/min when the model is calibrated against outer cortical efferent arteriolar PO 2 (45 mmHg, Fig. 4 ) and ϳ10 mol/min when the model is calibrated against outer cortical tissue PO 2 (42 mmHg, Supplementary Fig. S3 ). Importantly, increasing V O 2 above this intercept point does not lead to a greater difference between tissue PO 2 and renal venous PO 2 , despite the fact that oxygen shunting increases. Indeed, the model predicts that the impact of oxygen shunting on tissue oxygenation is paradoxically more dominant at relatively low V O 2 , likely in large part due to the nonlinear nature of the oxygen-hemoglobin dissociation (Bohr) curve. That is, the "gap" between predicted tissue and renal venous PO 2 in Fig. 4 varies with the steepness of the Bohr curve at these levels of PO 2 .
The driving force for AV oxygen diffusion is the AV PO 2 gradient. The predicted increase in oxygen shunting during hyperoxemia can thus be explained by the fact that when arterial PO 2 is increased beyond the point where hemoglobin is completely saturated, the increase in arterial blood oxygen content is relatively small (33) . Thus, if kidney V O 2 remains constant, renal venous PO 2 increases only slightly as arterial PO 2 is increased (as shown in Fig. 5 ), so the driving force for AV oxygen shunting increases dramatically. Conversely, under mildly hypoxic conditions the PO 2 of blood is within the steep part of the Bohr curve, so that a constant level of renal oxygen extraction results in a lesser differential between arterial and venous blood PO 2 . This phenomenon provides a buffer against development of cortical tissue hypoxia under mildly hypoxic conditions. It also acts to limit tissue hyperoxia under hyperoxic conditions. The model outcomes do not entirely accord with experimental findings. The model predicts an increase in cortical tissue PO 2 of Ͻ2 mmHg as arterial PO 2 is increased from 100 to 300 mmHg, whereas experimental studies indicate a considerably greater increase, albeit blunted considerably compared with the change in arterial PO 2 (33, 44) . For example, increasing arterial PO 2 from 90 to 593 mmHg in anesthetized rats increased outer cortical glomerular PO 2 from 46 to 80 mmHg (44) . Similarly, increasing arterial blood PO 2 from 100 to 349 mmHg in anesthetized rabbits increased outer cortical tissue PO 2 from 35 to 96 mmHg (33) .
Changes in RBF, across a fairly broad range, had little effect on the total quantity of AV oxygen shunting. Consequently, the model predicts that tissue and renal venous blood PO 2 vary in a parallel manner with RBF. It might be argued that such a simulation, in which RBF is allowed to vary while V O 2 is held constant, is physiologically unrealistic, since renal V O 2 is known to vary with sodium reabsorption and so glomerular filtration rate (23, 31, 34) . The established dogma is that regulation of stable kidney oxygenation, in the face of changes in RBF, is achieved almost entirely through the ability of changes in RBF to lead to proportional changes in glomerular filtration rate and so renal V O 2 (18) . However, we have recently provided experimental evidence that cortical tissue PO 2 can be maintained in response to changes in RBF, even when V O 2 remains relatively unchanged (17, 33) . We had hypothesized that changes in AV oxygen shunting might at least partly underlie the maintenance of cortical tissue PO 2 under these conditions, but our current simulations are not consistent with this concept. Thus the mechanisms that allow maintenance of cortical tissue PO 2 , in the face of mismatched changes in renal Ḋ O 2 and V O 2 , remain to be established.
The model predicts that oxygen shunting increases in severe ischemia. This is, of course, only true under conditions where Ḋ O 2 exceeds V O 2 (46) . That is, in very severe ischemia both AV oxygen shunting and V O 2 are limited by the dwindling Ḋ O 2 . However, because V O 2 is normally only a relatively small portion of total Ḋ O 2 in the kidney (10 -20%), this point is only reached when RBF is reduced below ϳ1 ml/min. Since V O 2 may be limited under conditions of severely reduced RBF, and so Ḋ O 2 (17, 33) , the level of renal ischemia that must be reached before AV oxygen shunting is limited by reduced Ḋ O 2 may be even greater.
The prediction that AV oxygen shunting contributes to development of tissue hypoxia during severe hemodilution accords with the findings of Johannes et al. (25) , who demonstrated a greater impact of isovolemic hemodilution on renal tissue PO 2 than on renal venous PO 2 . The biophysical basis of this phenomenon lies in the fact that hemodilution reduces the oxygen delivered for a given RBF and arterial PO 2 . Shunting then quickly depletes oxygen from the arterial vessel. Furthermore, hemodilution increases the proportion of oxygen deliv-ered in arterial blood that is dissolved rather than bound to hemoglobin. Thus the amount of oxygen shunted relative to that delivered increases markedly.
The fact that oxygen shunting increases in the face of severe ischemia or anemia has important implications for the pathogenesis of acute kidney injury. Ischemia is the leading cause of acute kidney injury in both the native and transplanted kidney (14) . Preoperative anemia and the degree of interoperative hemodilution are also major risk factors for development of acute kidney injury in the setting of cardiopulmonary bypass surgery (26, 27) . Our simulations indicate that AV oxygen shunting can exacerbate development of tissue hypoxia in severe ischemia or anemia.
To better understand the contribution of AV oxygen shunting to regulation and dysregulation of cortical tissue oxygenation, we developed a graphical method for determining the conditions under which homeostasis of cortical tissue oxygenation can be maintained when renal Ḋ O 2 and/or V O 2 changes. This analysis shows that AV oxygen shunting limits Ḋ O 2 to cortical tissue, so that tissue PO 2 is much lower than it would otherwise be, at any given level of RBF and V O 2 (37) . In this context, we have proposed that AV oxygen shunting acts as a structural antioxidant defense mechanism to limit excessive production of reactive oxygen species (38, 39) .
In its current form, our mathematical model has a number of limitations. First, the anatomic model includes only the cortical circulation and treats cortical peritubular capillaries and medullary vasa recta as a single oxygen sink. Consequently, it does not account for oxygen movement between the capillaries and tubules due to filtration and fluid reabsorption. However, these processes would be expected to have little direct effect on AV oxygen shunting. Importantly, apart from the small amount of fluid lost as urine, all of the fluid filtered at the glomerulus (after the end of the "arterial side" of the model) is reabsorbed before the beginning of the "venous side" of the model. Additionally, recent modeling studies of oxygen diffusion in the medullary circulation indicate that oxygen shunting between descending and ascending vasa recta is significant (8, 9, 52) . Furthermore, heterogeneity in Ḋ O 2 and V O 2 , between the cortical and medullary circulations, might have considerable impact on AV oxygen shunting in the renal cortex. Our model also does not incorporate the potential for carbon dioxide to diffuse from veins to arteries, leading to accumulation of carbon dioxide in the cortex and increased Ḋ O 2 to kidney tissue through the Bohr effect (1, 2, 6, 29) . Our model does allow for diffusion of oxygen from arteries to veins, and from both arteries and veins to the renal parenchyma. However, in the current work we focused on the special case where oxygen diffusion is limited to the AV pathway. This approach does not overestimate the quantity of oxygen shunted, which is set through the calibration of the model (Fig. 2) . Indeed, we believe the current model underestimates shunting, as adding oxygen diffusion to tissue would require an increase in shunting to maintain the observed increase in oxygen concentration from the tissue up through to the largest renal veins. Oxygen diffusion to tissue from both arteries and veins occurs in nonrenal tissues (30) so it likely occurs in the kidney. Our preliminary modeling indicates that this phenomenon does not invalidate the findings of our current study (unpublished observations). Along the same lines, an important area for model improvement, which will require new experimental data, would be allowing for the possibility that the nature of the spatial association among arteries, veins, and the renal parenchyma might differ across the various branch levels of the renal circulation. To overcome this limitation, we require quantitative information regarding the nature of the spatial association of arteries, veins, and parenchyma at each level of the renal circulation. Our current model also does not allow for the potential for V O 2 in the vascular wall, which could have a significant impact on oxygen transport from arterial blood (42, 48) . Unfortunately, the question of how much oxygen is consumed in the vascular wall is hugely controversial (42, 48) , and no data at all exist regarding vascular wall V O 2 in the kidney. The assumption of uniform hemoglobin concentration in our model prevents it from incorporating the effects of erythrocyte distribution and motion (11) . Overcoming these limitations through model development should allow us to better understand the biophysical basis of kidney oxygen regulation and dysregulation. It should also allow us to better reconcile differences between the predictions of the current model and those of experimental findings, discussed above.
Our current simulations are the first, to our knowledge, to address the issue of AV oxygen shunting in the renal cortex. Nevertheless, there have been previous mathematical models of oxygen diffusion between paired generic arteries and veins (10, 41, 43, 45) , and arteries and veins in intestinal villae (46) , skeletal muscle (47) , and the renal medulla (8, 9, 52). The conclusions drawn from the current simulations are not at odds with any of the major findings of these previous studies.
In conclusion, our simulations indicate that AV oxygen shunting has a major impact on Ḋ O 2 to renal cortical tissue. AV oxygen shunting is quantitatively significant and acts to stabilize cortical tissue PO 2 in face of changes in arterial PO 2 , but contributes to development of tissue hypoxia in severe ischemia and anemia. Our model also provides a potential explanation for the ability of cortical ischemia to reduce medullary PO 2 , even under conditions where medullary perfusion is perfectly maintained (40) . That is, oxygen shunting in proximal elements in the cortical circulation (e.g., arcuate arteries) under ischemic conditions could steal oxygen that would otherwise be destined for the medullary circulation.
